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It has been demonstrated in a variety of vertebrate species that there is a positive 
association between the hippocampus (HP) and spatial learning abilities. Spatial learning 
is critical to fitness and survival as it can be used to remember the location of food 
resources, mates, or for general navigation. Two characteristics of the hippocampus that 
appear to vary with differing spatial demands are neuron numbers and the overall 
volume; both of which have been shown to be affected by hormones. The side-blotched 
lizard, Uta stansburiana, exhibits three different morphs that vary in their space use 
patterns: orange, blue and yellow. The orange and blue morphs are territorial in nature 
while the yellow morph is non-territorial. Plasma testosterone (T) levels have been 
demonstrated to be higher in the territorial morphs compared to non-territorial morphs 
and as such, T might play a role in mediating spatial learning and HP attributes. We 
found that experimentally elevating plasma T levels induced changes to the HP, 
irrespective of spatial experience. More specifically, elevated T levels resulted in 
decreased neuron number and volume of the medial cortex in territorial lizards, but an 
increased medial cortex volume in non-territorial lizards. These results suggest that the 
effect of T on hippocampal morphology is dependent on territorial behavior associated 
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 The hippocampus (HP) is a brain region that has been associated with spatial 
learning abilities and functions to produce map-like or relational memories of the area 
that has been previously experienced (Jacobs et al. 1990, Rodríguez et al. 2002a). 
Animals rely on the HP for completing tasks important for their survival, including 
remembering the location of food stores, maintaining a territory, as well as for general 
navigation (Jacobs 1990, Healy & Krebs 1996a, Healy et al. 1996b). Considering the 
vital functions it is involved with, it might come as no surprise that there are high levels 
of similarity in the regions of various vertebrate forebrains that mediate function in 
spatial ability and memory. Rodríguez et al. (2002) were able to identify the similarities 
in structure and function between the medial pallium of teleost fish and the HP of 
vertebrate species, such as mammals. These connections suggest that the medial pallium 
developed early in vertebrate evolution to function as a type of space encoding structure 
that continues to be used by extant vertebrate species, including reptiles (Rodríguez 
2002a, Rodríguez et al. 2002b).  
One important attribute of the HP is that it is highly plastic and can form and 
break connections depending on the spatial demands placed on the individual (Laroche et 
al. 2000). In birds, caching or food storing species need to remember the locations of 
their food stores, especially considering that they may produce hundreds of caches a day 
that they would need to retrieve during the winter months or risk starving (Krebs et al. 
1989, Shettleworth 1990). This has produced an interesting difference in the size of the 
HP of many food storing birds during the winter as compared to the summer, when they 
do not need to cache as much since live insects and other food items are readily available. 
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In the time leading up to winter, there is a substantial increase in the HP of caching 
species as compared to the summer (Smulders et al. 1995). In non-caching species, there 
is no seasonal difference observed in the HP between summer and winter months (Lee et 
al. 2001). It is the plasticity of the HP that allows these morphological changes to 
translate into increased spatial abilities and this is essential for proper function of the HP 
(Laroche 2000, Martin & Morris 2002, Frank et al. 2006).  
The HP and its relation to spatial abilities has led to an abundance of studies that 
manipulated spatial experience or examined how space use patterns affect the HP. The 
environment and spatial experiences that an individual is subjected to has an extreme 
impact on how the HP responds. Even within species, populations that require enhanced 
spatial abilities (e.g. those living in harsher winter environments) have larger HP (Roth & 
Pravosudov 2009). Within individuals from the same species and population, if one sex 
has greater spatial demands than they have significantly larger HP as compared to the sex 
that does not have the same demands (Sherry 1993). Experience has been seen as one of 
the driving forces for HP maintenance and growth with a lack of experience or captivity 
correlating with decreased HP measures (Clayton 1994, Healy 1996b, Clayton 2001, 
Sullivan et al. 2001 LaDage 2009a).  
Another idea that is worth considering however is the inherent differences in other 
physiological traits that might correlate with HP measures. Gonadal hormone levels were 
found to correlate with HP size in meadow voles and fluctuating levels of estradiol in 
female rats were seen to correlate with the number of dendritic synapses in the HP 
(Woolley & McEwen 1992, Galea et al. 1999). Not only do hormone levels correlate with 
differences in morphological traits of the HP, experimental manipulations of hormone 
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levels such as thyroxin and estradiol have been demonstrated to produce changes in HP 
attributes in vertebrates (Gould 1990, Isgor et al. 1998).  
One species in particular has been extremely useful to researchers attempting to 
understand the interaction between hormones, the HP, and spatial behaviors: the side-
blotched lizard, Uta stansburiana. This particular species of lizard has three different 
morphs that vary in throat color (orange, blue, or yellow), mating acquisition, and space 
use patterns. The orange morph as well as the blue morph defend a distinct home range 
and are thus considered territorial with orange individuals holding larger territories than 
the blue individuals. Yellow morphs do not defend a distinct home range and as such are 
non-territorial (Tinkle et al. 1962). In addition to space use strategies, the morphs also 
differ in the amount of certain plasma hormone levels. Orange males have higher levels 
of circulating testosterone (T) than do yellow males and blue morphs have a plasma T 
level that is intermediate between the orange and yellow morphs (Sinervo et al. 2000). 
Corticosterone has the opposite trend with orange males displaying the lowest plasma 
corticosterone levels (DeNardo & Licht 1993, DeNardo & Sinervo 1994). Manipulation 
of both of these hormones has been shown to affect territorial behavior and is indicative 
of a causal relationship between spatial abilities and hormone levels in reptiles (Lancaster 
et al. 2008, Sinervo 2000).  
Previous experiments that manipulated plasma hormone levels allowed the lizards 
to engage in their natural free ranging behavior post manipulation (DeNardo 1993, 
DeNardo 1994, Comendant et al. 2003). As such, it is difficult to determine whether it 
was the physiological manipulation alone or the manipulation combined with experiences 
gleaned afterwards that produced the changes in behavior. Certain HP measures, such as 
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dorsal cortex volume, in the side-blotched lizard have been shown to correlate with 
differences in spatial use (LaDage et al. 2009c, LaDage et al. 2013). Although hormone 
manipulation leads to changes in behavior and differences in behavior have been shown 
to correlate with HP measures, no work attempted to cause changes to HP morphology 
while excluding the variable of spatial experience in this species. Elevated levels of T 
have already been linked to increased territoriality, therefore, it is a great candidate for 
testing whether spatial experience is needed to produce changes to HP measures such as 
cortex volume or neuron number or if hormone manipulation is all that is needed 
(Sinervo 2000). By elevating T levels in territorial and non-territorial morphs of the side-
blotched lizard and subsequently keeping them in a confined environment, the variable of 
space use is effectively removed and the effects on HP morphology can be attributed to 
changes in T levels. We predicted that elevated levels of T should induce changes to HP 
measures, including the neuron number and dorsal/medial cortex volume, irrespective of 












Materials and Methods 
Male and female side-blotched lizards of known genotypes at the OBY locus were 
bred in the laboratory to produce a total of 30 males with five full sibling pairs of each 
morph. These males were then raised in identical enclosures (terrariums) until reaching 
adulthood at the age of six months. One randomly assigned member of each full sibling 
pair was castrated and subsequently surgically implanted with a T supplement while the 
other individual from the dyad had a sham operation conducted in order to control for the 
effects of surgery. Castrated males were anesthetized with Nembutal (0.02 ml of 50 
mg/ml) and an incision was made in the flank at which point the testes were removed. 
The same procedure was used in the individuals receiving a sham operation except the 
testes were not excised (DeNardo and Licht 1993). 
The T implants consisted of 3 mm length Silastic medical grade tubing (Dow 
Corning 602-305) containing a 1 mm T (Sigma) with each end of the vehicle sealed using 
a silicone based sealant. These were placed intracoelomically through an incision in the 
flank after being soaked for 24h in a saline solution for individuals assigned to the T 
treatment. Those lizards not receiving the T treatment received an empty control vehicle 
that was prepared identically to the T-supplement without T, which was also placed 
intracoelomically. Instead of using Nembutal, 0.2% lidocaine was used as the anesthetic 
for the implantation of the T-supplement/empty control vehicle (DeNardo & Sinervo 
1994). These implants have previously been demonstrated to elevate plasma T levels for 
a minimum of three months in this species (DeNardo & Licht 1993). All of the results 




After this three month period, all males were sacrificed with a lethal overdose of 
Nembutal (0.05 ml of 50 mg/ml Nembutal). The lizards were then transcardially perfused 
with 0.1 M PBS for ten minutes. Afterwards, individuals were perfused with 4% 
paraformaldehyde in 0.1 M PBS for 15-20 minutes. The brains were then extracted and 
post-fixed in 4% paraformaldehyde for 24h before undergoing cryoprotection. 
Cryoprotection involved brains being subjected to 15% sucrose and then 30% sucrose 
before being flash frozen using dry ice and finally stored at -80C until sliced. The brains 
were sliced in 40 µm sections on a cryostat (Leica CM 2050S: -20C) along the coronal 
plane with every third section being mounted and Nissl stained with Thionin (LaDage 
2009). Slides were coded and thus measured blind to morph and treatment.  
The medial cortex, dorsal cortex, and telencephalon volumes were measured 
using standard stereological techniques with total volumes estimated with the assistance 
of StereoInvestigator software (Microbrightfield, Inc; microscope, Leica M4000B). The 
total number of neurons in the medial and dorsal cortices were estimated using the optical 
fractionator method, which is also a standard stereological technique, again with the 
assistance of StereoInvestigator software. The grid employed was 200 µm by 200 µm 
with a step size of 90 µm by 90 µm, a guard zone of 2 µm and a dissector height of 5 µm. 
The control group that was analyzed was comprised of five territorial males and four non-
territorial males. The treatment group that was analyzed consisted of three territorial 
males and three non-territorial males. Both the control and treatment groups consisted of 
non-castrated males.  
 For data analyses, we used a repeated-measures General Linear Model with dorsal 




The treatment with T resulted in significant increase in the plasma T levels of the 
lizards (F1,16=49.282, P<0.001; Fig.1). However, there was no significant treatment by 
territoriality interaction (F1,16=0.650, P=0.432) indicating that the territorial and non-
territorial morphs did not have significantly different T levels after T-supplementation. 
Telencephalon volume was not observed to differ significantly post T administration (F-
1,10=0.011, P=0.920; Fig.2) and there was no significant treatment by territoriality 
interaction (F1,10=1.292, P=0.282).  Although T treatment by itself was not seen to have a 
significant overall effect on the HP volume of lizards (F1,11=0.002, P=0.970; Fig.3), there 
was a significant effect of territoriality (F1,11=6.962, P=0.023) as well as a significant 
treatment by territoriality interaction (F1,11=8.106, P=0.016). Additionally, the dorsal and 
medial volumes were significantly different from each other (F1,11=14.401, P=0.003) and 
there was a significant dorsal/medial cortex volume by treatment by territoriality 
interaction (F1,11=7.153, P=0.022). Post Hoc LSD pairwise comparisons revealed that 
most of the significant differences between territorial and non-territorial males were in 
the medial cortex volume (Fig.3). The medial cortex volume of the T-supplemented 
territorial lizards was significantly smaller in comparison to controls (P=0.029) while 
there was a significant increase in medial cortex volume for the T-supplemented non-
territorial lizards compared to controls (P=0.041). No significant differences were noted 
in dorsal cortex volume of the T-supplemented territorial or non-territorial individuals 
compared to controls (P=0.135 and P=0.160 respectively). Post Hoc tests for the number 
of neurons showed that there was a significant decrease in medial cortex neuron numbers 
for T-supplemented territorial males compared to controls (P=0.024; Fig.4). Neuron 
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numbers in the medial cortex for T-supplemented non-territorial individuals were higher 
but not to a significant degree (P=0.100). No significant differences were noted in dorsal 
cortex neuron numbers in T-supplemented territorial or non-territorial individuals when 




Figure 1. Testosterone levels in territorial and non-territorial lizards before the after the 




Figure 2. Volume of the telencephalon in T implanted and control territorial and non-




Figure 3. Volume of medial and dorsal cortices in T implanted and control territorial and 






Figure 4. The total number of Nissl-labeled neurons in the medial and dorsal cortices of 















 As expected, we found that T levels were significantly increased with the 
treatment of T-supplementation in the territorial and non-territorial males. The significant 
interaction effect of treatment by territoriality on HP volume in our experiment supports 
our prediction that HP morphology can be manipulated strictly through changes in 
hormone levels and does not require spatial experiences. The truly interesting result 
though was in the different manner in which the territorial and non-territorial males 
responded to T-supplementation.  
In regards to telencephalon volume, there were no significant differences post T-
supplementation or between territorial and non-territorial individuals. T-supplemented, 
non-territorial individuals however displayed a significant increase in medial cortex 
volume. Conversely, the T-supplemented, territorial individuals displayed a significant 
decrease in medial cortex volume as well as in the number of neurons. The increase in 
medial cortex volume coincides with previous data that demonstrated an increase in 
neurogenesis rates in the medial cortex of territorial lizards and increased territoriality 
with elevated levels of plasma T (Sinervo 2000, Calsbeek 2002 & Sinervo 2002, LaDage 
2013). However, there have been no studies that demonstrated a decrease in medial 
cortex volume in relation to plasma T levels. One explanation for this result is that by 
elevating the levels of plasma T for territorial males, which are close to their 
physiological max for the hormone, and keeping them in a confined exposure, they were 
subjected to the detrimental effects of T without gaining any of the positive attributes 
normally associated with higher T levels. Territorial lizards (orange and blue morphs) are 
thought to maintain plasma T levels close to their physiological max whereas the non-
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territorial (yellow) morph maintains T at lower levels (Mills et al. 2008). Also, T has 
been demonstrated to have immunosuppressive effects in many species and might be 
responsible for the decrease in fitness that is seen with elevated plasma T levels (Sinervo 
2000, Belliure et al. 2004). 
Maintaining elevated plasma T levels for three months could have negatively 
impacted HP plasticity considering the animals were or may have been experiencing 
chronic stress and decreased immune function as a result of the supplemented T (Yirmiya 
& Goshen 2010). As for why the non-territorial males did not respond in a similar 
manner to the T treatment, one can look to the environment that the subjects were kept in. 
Territorial morphs, but not the non-territorial morph, have displayed a decrease in fitness 
when kept in the proximity of other individuals (Svensson 2001a, Svensson 2001b, 
Comendant 2003, Sinervo 2003). Decreases in fitness have also been seen to correlate 
with a decrease in immune function (Svensson et al. 2002). Additionally, territorial 
morphs are more sensitive to changes in the environment and display slower rates of 
neurogenesis in small enclosures as compared to large enclosures. No such effect was 
seen in the non-territorial morph (LaDage 2013). For the duration of the experiment, all 
individuals were kept in small enclosures with their full sibling pair. This environment 
could have been the cause of the negative impacts to HP morphology since the territorial 
males were in close quarters to another individual and because they were not allowed free 
range. The chronic stress placed on those males caused by a neighboring individual as 
well as elevated T levels could have decreased immune function and led to a decrease in 
HP plasticity.  
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Another factor to consider is that the morphs might vary in their receptor number 
or specificity for T. Researchers have found that even within a species, only certain 
antagonists for a steroid hormone were able to reverse or halt the effects of the hormone 
manipulation on the HP (Murphy 1996). This finding suggests the receptors for steroid 
hormones, including T, are highly specialized and that receptor-ligand interactions are 
not the same for morphs who have different natural levels of plasma T. With that in mind, 
the non-territorial morphs might not be as sensitive to changes in T due to receptor 
number or specificity. The territorial morphs on the other hand might be more sensitive to 
changes in T (e.g. through more receptors) and suffered due to the prolonged exposure to 
high amounts of the hormone.  
Another unexpected finding was the lack of differences in the dorsal cortex 
volume between controls and T-supplemented individuals. Previous research shows that 
lesions to the dorsal cortex impaired spatial abilities and that the dorsal cortex was 
involved in differential space use patterns (Hampton 1996, Day et al. 2001, Lópex 2003, 
LaDage 2009c). The correlation between space use and T levels would therefore have 
meant a difference in the dorsal cortex. A possible reason for the lack of significant 
differences might be due to the small sample size (n=3 for both non-territorial and 
territorial individuals in treatment group). The dorsal cortex volume does appear to 
follow the same general response pattern to T as the medial cortex but not to a significant 
degree (Fig. 3). By increasing the sample size, perhaps the dorsal cortex volume 
differences between treatment individuals and controls would be significant.  
The total number of neurons was another case of contrasting results. There were 
no significant differences between neuron numbers in the dorsal cortex of T-
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supplemented individuals compared to controls. However, there was a significant 
decrease in neuron numbers in the medial cortex of T-supplemented, territorial males 
compared to controls and there was general trend towards increased neuron numbers in 
the medial cortex of T-supplemented, non-territorial males compared to controls that 
although not significant (P=0.100), might be attributable to small sample size. The 
differential responses suggest that the dorsal and medial cortex of the side-blotched lizard 
play two diverse, but interacting, roles in spatial memory. It could be that the medial 
cortex is more involved in relaying information between parts of the brain and as such 
would need more synapses, while the dorsal cortex is more involved with memory 
consolidation (Laroche 2000). Further studies would need to be conducted in order to 
















 The results of the study lend credence to the idea that there can be HP 
modification irrespective of spatial experience through the manipulation of certain 
hormones. Most critically, the effect of T increase on the HP differed significantly 
depending on the territorial strategy. Territorial lizards experienced a decrease in medial 
cortex volume and neuron number while non-territorial lizards saw an increase in medial 
cortex volume. These findings could extend beyond Uta stansburiana and play a role in 
such vertebrate species as humans. Spatial memory is decreased in old age but perhaps 
altering levels of plasma hormones could reduce the effects of senescence (Lin et al. 
2014). In the side-blotched lizard, further studies need to be conducted in order to clarify 
the role of the dorsal and medial cortex of the HP in order to better understand the 
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